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Supplementary Notes and Discussion 
 

Supplementary note 1 - Both orthosteric and allosteric effect contribute to the cholesterol-mediated 

modulation of A2AR specific binding 

 

As previously postulated for other GPCRs, cholesterol is thought to modulate ligand binding from the 

exterior of the protein via specific binding at the surface of the receptor (i.e. direct allosteric effect) or by 

changing key membrane properties like fluidity or membrane thickness (i.e. indirect allosteric effect) 

(reviewed in refs. 10 and 11). In this line, our molecular dynamics simulations corroborate the presence of 

several interacting sites at the surface of the A2AR (Supplementary Fig. 10), as previously suggested by 

Lee & Lyman12. Likewise, new saturation binding experiments (Fig. 3) show traits that point towards de 

ability of cholesterol to allosterically modulate ligand binding (e.g. major increase in Bmax and slight 

increase in Kd upon cholesterol depletion). On the other hand, competitive binding experiments in the 

presence of increasing WSC concentrations (1 µM to 3 mM) (Fig. 4) suggest an orthosteric mode of action 

of cholesterol. In these experiments, WSC is able to displace 20 nM [3H]ZM241385 binding with an 

equilibrium dissociation constant (Ki) of 233 µM (95% confidence intervals 194 to 279 µM), confirming 

the ability of cholesterol to compete for binding to the orthosteric site. 

Nevertheless, classical binding experiments are probably not able to separate orthosteric from allosteric 

contribution when both modulations are exerted together. In addition, cholesterol is generally considered 

to bind the surface of membrane proteins (or at most at shallow sites) and hence deeply buried sites are 

simply overlooked, as shown by Brannigan et al. for the nicotinic acetylcholine receptor13. The same 

assumption has likely precluded the observation of cholesterol accessing the interior of the protein in 

some of the previously reported cholesterol-mediated modulation of GPCRs. Overall, while the present 

study represents, to our knowledge, the first report of a competitive effect of cholesterol at the orthosteric 

site of a GPCR, future investigations shall aim to unveil the exact contribution of each type of cholesterol 

modulation (i.e. orthosteric versus allosteric) at the A2AR or other receptors of the family. 

 

Supplementary note 2 - Effect of inhibition of receptor internalization on A2AR specific binding 

Cholesterol depletion has been shown to alter the structure of both clathrin-coated pits1–3
 and cholesterol-

rich caveolae4,5 thus inhibiting endocytosis. This inhibitory effect on the formation of endocytic vesicles 

could interfere with normal A2AR trafficking (i.e. modify receptor concentration in the membrane) thus 

altering the outcome of specific binding assays. In order to rule out this possibility, we studied A2AR 

specific binding in the presence of two different cell permeable inhibitors, namely Pitstop 2 and Dynasore. 

Dynasore is a dynamin GTPase inhibitor that prevents the scission of dynamin-dependent endocytic 

vesicles (i.e. clathrin- and caveolin-coated vesicles)6,7. On the other hand, whilst Pitstop 2 has been 

commercialized as clathrin-mediated endocytosis inhibitor8, it has also been shown to inhibit clathrin-

independent endocytosis9. As we show in Supplementary Fig. 8, neither Dynasore (bars 3 and 4) nor 

Pitstop 2 (bar 5) was able to significantly modulate A2AR specific binding after 20-40 minutes when 

compared to the control (bar 1). This clearly demonstrates that the increase in specific binding upon 

cholesterol depletion via MβCD treatment (Supplementary Fig. 8, bar 2) is not due to an inhibition of 

receptor internalization. 

 

 

 

 



 

 

2 

 

Supplementary note 3 - Biotinylation experiments  

 

1. Details about the methodology: originally, the Substituted-Cysteine Accessibility Method (SCAM) 

was developed to elucidate water-accessible residues in membrane-spanning proteins like channels14, 

transporters15 or binding-site crevices16. In the absence of crystallography data, this method requires 

a systematic mutation of every protein residue into a cysteine followed by an assessment of ligand 

binding properties. Throughout a decade, the SCAM method has been employed by Javitch et al. to 

explore water-accessible residues in one G protein coupled receptor, namely the dopamine D2 receptor 

(D2R)16–18. As mentioned in this work, an ideal starting point would be to create a cysteine-free 

pseudo-wild-type background that is insensitive to the reagents and has normal expression and 

function. However, intense efforts failed to achieve such construct for the D2R
19. It is likely that the 

lack of cysteine residues in cysteine-free pseudo wild type GPCRs impacts protein expression, folding 

and thus the formation of a functional receptor.  

 

In the present study, we adapted the SCAM method to explore the reactivity of cysteine residues under 

different conditions in the A2AR interior. The basis of the employed methodology relies on two key 

aspects: 

 

a. Methanethiosulfonate (MTS) reagents react with sulfhydryl groups of accessible cysteine 

residues19. Thus, only cysteines at the water-accessible surface of the receptor, namely the 

extracellular side or interior of the membrane-spanning segment, will be reactive to MTS 

reagents (i.e. cysteine residues at the lipid-accessible surface will not be reactive). 

b. MTS reagents are specific for free sulfhydryl groups, and thus residues engaged in a disulfide 

bridge are not reactive even if they are accessible to water19,20.  

 

In contrast to the work from Javitch et al., in the present study we know the exact location of 

water-accessible cysteines in the A2AR thanks to the availability of high resolution crystallography 

data (PDB:3EML). This knowledge is crucial for correct interpretation of biotinylation and 

binding experiments as outlined below. 

 

2. Ability of cysteine residues to react with MTSEA-B in the A2AR. In order to assess the ability of 

the A2AR to react with the biotinylation reagent MTSEA-B, the receptor was scanned for cysteine 

residues, their location and engagement in disulfide bridges. As shown by high resolution 

crystallography data (PBD: 3EML) (Supplementary Fig. 14, Supplementary Table 5), 8 out of 14 

endogenous cysteines residues are engaged in 4 disulfide bridges at the extracellular side of the 

receptor, and thus these 8 residues are not susceptible to be biotinylated (see point 1b above). The 6 

remaining cysteines are located in the transmembrane portion of the protein, and thus they can only 

face either the membrane (2 cysteines) or the interior of the receptor (4 cysteines). Since lipid-

accessible cysteine residues are not reactive (see point 1a above), there are only 4 cysteines in the 

receptor interior which can potentially react with the biotinylation reagent (C3.30, C4.49, C5.46, 

C6.56) (Supplementary Fig. 14, Supplementary Table 5). A structural inspection of those cysteines 

shows that C4.49 is buried between TM3 and TM4 (i.e. not water-accessible) yielding only 3 reactive 

cysteines in the receptor interior that are susceptible to be biotinylated, namely C3.30, C5.46, and 

C6.56. As shown in Supplementary Fig. 15, chemical modification of these cysteine residues by 

MTSEA-B would clearly overlap with the orthosteric binding site of the A2AR.   
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In summary, a detailed structural characterization of the A2AR suggests that all cysteines outside the 

receptor are non-reactive as they are engaged in disulfide bridges and that only cysteines inside the 

receptor are reactive towards the biotinylation reagent MTSEA-B. Hence, regardless of which cysteines 

become biotinylated in the receptor interior, cholesterol needs to enter the receptor interior to exert its 

action. It is worth noting that based on the experimental set-up used in this paper, we cannot pinpoint the 

exact cysteine residue reacting with the biotinylation reagent. However, provided that MTSEA-B should 

access the receptor from the extracellular side, we can speculate that the first cysteine residue (i.e. C3.30) 

found on the MTSEA-B entrance pathway into receptor should mostly react with the biotinylation reagent.  

 

Supplementary note 4 - Exploring exit pathways for cholesterol from A2AR ligand binding site 

 

Methyl-β-cyclodextrin (MβCD), the cholesterol-depleting agent we use in our experiments, is not likely 

to remove cholesterol from the interior of the A2AR pocket. Thus, it is reasonable to think that cholesterol 

first has to leave spontaneously the interior of the A2AR towards the membrane bulk before being removed 

by MβCD. In this context, we explored the energetic cost of extracting cholesterol from the A2AR binding 

crevice into the aqueous phase. As we discuss in the main text, the extraction of cholesterol to the water 

phase is very costly, namely 120 kJ·mol-1 (~50 KBT). Due to its hydrophobic moiety, cholesterol is highly 

reluctant to become exposed to the water phase but rather establishes a strong interaction with the 

extracellular loop 2 of the protein (see Supplementary Fig. 16, region labeled as C). A visual inspection 

of our simulations shows that shortly after pulling forces are applied upwards (i.e. ξ within 1-2 nm), 

cholesterol changes its initial orientation with respect to the membrane plane from a rather fluctuating 

parallel orientation to a more stable perpendicular position. Interactions between cholesterol hydroxyl 

group and water molecules present at the interior of the protein somehow shield cholesterol hydrophobic 

ring and play an important role in the position and stability of cholesterol inside and the pocket. 

 

As highlighted in Supplementary Fig. 16, the energy landscape of cholesterol exiting the A2AR towards 

the water phase can be divided in three main regions by labels A, B and C. While cholesterol exiting from 

A2AR through the water phase is unlikely, our PMF calculations show a thermally accessible region which 

might be a key for a direct exit pathway into the membrane bulk. This region is located between ~20 

kJ·mol-1 (~8 KBT) (label A in Supplementary Fig. 16) and ~37 kJ·mol-1 (~15 KBT) (label B in 

Supplementary Fig. 16). A visual inspection of the simulations shows that the lowest energy barrier of 

this region (i.e. label A) corresponds to cholesterol rigid ring progressing through the space limited by 

TM2 and TM7. Once cholesterol overcomes this barrier, the molecule is ready to head towards TM1-

TM2 and/or TM1-TM7 exit to the membrane bulk. But in order to proceed to any of these exit gates, 

cholesterol also tail needs to cross the TM2 -TM7 corridor which involves an extra energy cost (i.e. label 

B). Label C mainly corresponds to the cholesterol molecule in the water phase, mostly interacting with 

the extracellular loop 2 of the A2AR.  

 

In addition, as shown in label A of Supplementary Fig. 16, the position of cholesterol oxygen along the z 

axis in this region is very similar to that of membrane cholesterol bulk (reference density profile, blue 

line) which would eventually allow a comfortable insertion of cholesterol into the membrane upon exiting 

the receptor via TM1-TM2 and/or TM1-TM7. Interestingly, previous work21 on the β2-adrenergic receptor 

using random acceleration molecular dynamics have highlighted that TM1-TM2 and TM1-TM7 are 

potential ligand entry/exit pathways.  It is important to note that during our simulations the head of two 

phospholipids from the upper leaflet of the membrane (i.e. extracellular) significantly occupy both TM1-

TM2 and TM1-TM7 grooves, as previously described in other computational and experimental studies. 
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This suggests that exit via TM1-TM2 and TM1-TM7 grooves may be additionally modulated by the 

diffusion of these phospholipids, an event way beyond our simulated time scale 

 

 

Supplementary Tables 
 

 

Supplementary Table 1 | Effect of cholesterol presence 

on different GPCRs 

Receptor Ligand binding  
Functional 

outcome 

α1A-adrenergic  D22 D22 

β2-adrenergic E23 E24 

Adenosine A2A 
D* 

E25,26, or N27 

D28 

E29, or N29 

Cannabinoid CB1 D30,31 D30,31 

Cannabinoid CB2 N32 N32 

Chemokine CCR5 E33,34 E33,34 

Chemokine CXR4 E34,35 E34,35 

Cholecystokinin 

CCK1  
E36,37  E36 

Cholecystokinin 

CCK2  
N38 N38 

Dopamine D1 D39 D39 

Galanin E40 E40 

Metabotropic 

glutamate 
E41 E42 

Muscarinic M2 D43,44 
D44 

E44, or N44,45 

Neurotensin NTS1 N46 Unknown 

Neurokinin NK1 E47 E47 

µ-opioid  
E48,49, or N49 

D50 
E48,49 

δ-opioid 
E51 

N48 

D51, or E51 

N48 

κ-opioid D52 D52 

Oxytocin E36,53–55 E36 

Rhodopsin Unknown D56–58 

Serotonin 5HT1A 
E59–61 

D62–64 

E59–61  

D62–64 

Serotonin 5HT7A E65 E65 
 

* Results reported at the present manuscript 

Abbreviations: Enhanced (E), Diminished (D), and No effect (N) 
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Supplementary Table 2 | List of simulations performed 

 

Simulation 

set 

Simulation 

time (μs) 

Number of 

replicates 
Purpose 

1 1 4 
Cholesterol-mediated modulation 

of A2AR (Initial set of simulations) 

2 0.1 40 

Cholesterol invasion of  A2AR 

(original membrane composition as 

in Supplementary Table S2) 

3 0.1 40 

Influence of membrane 

environment on cholesterol 

invasion of A2AR 

4 0.1 40 Validation of ICL3 inclusion 

5 10 3 Behavior of cholesterol inside A2AR 

6 
8  
(200-600 

ns/window) 

35 windows Cholesterol exit of A2AR (PMF) 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Table 3 | Composition of 

simulation systems 

 

Component Number of molecules 

DPPC 48 

DSPC 18 

DOPC 36 

SDPC 44 

SM 79 

CHOL 112 

Total 337 

A2AR 1 

Water 22908 

Na+ 65 

Cl- 75 

  

Abbreviations: 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC), 1,2-dioleyl-sn-glycero-3-

phosphocholine (DOPC), 1-stearoyl-2-

docosahexaenoyl-sn-glycero-3-phosphocholine 

(SDPC) and sphingomyelin (SM), cholesterol 

(CHOL), and water (W), respectively. 
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Supplementary Table 4 | Distance to the protein interior from short 

replicates 

 

Group of replicates 
Complex 

membrane 

ICL3 included POPC 

bilayer 

1-10 32.78 ± 0.45 33.48 ± 0.12 38.12 ± 0.82 

11-20 28.08 ± 0.48 29.43 ± 0.16 35.99 ± 0.60 

21-30 20.28 ± 0.15 21.18 ± 0.10 24.76 ± 0.40 

31-40 20.98 ± 0.36 19.19 ± 0.14 22.43 ± 0.36 

As in Fig. 6, and  Supplementary Figs. 12, and 13, values are reported as the mean 

distance from the center of mass of cholesterol to protein residue E1.39 (Å) ± the 

standard error of the mean (s.e.m.). The last 50 ns of each trajectory were used in this 

analysis. The initial distance for replicates 1-10, 11-20, 21-30 and 31-40 is 32.05 Å, 

31.60 Å, 21.23 Å and 19.80 Å, respectively (depicted as red horizontal lines in  

Supplementary Fig. 6,  and  Supplementary Figs. 12, and 13). 

Supplementary Table 5 | Location and water-

accessibility A2AR cysteine residues* 

Residue ID Location  
Water-

accessible 

C3.30 TM3 Yes 

C5.46 TM5 Yes 

C6.56 TM6 Yes 

C1.54  Lower TM1 No 

C4.49  Lower TM4 No 

C6.47 TM6 No 

C71 EC** No 

C74 EC** No 

C76 EC** No 

C146 EC** No 

C159 EC** No 

C166 EC** No 

C259 EC** No 

C262 EC** No 
 

* Water-accessible cysteines highlighted in bold 

** EC: extracellular loops (locked in disulfide bridge) 
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Supplementary Figures 
 

 

 

 

 

 

 

 
 

Supplementary Figure 1 | Cholesterol quantification in C6 plasma membranes. Cholesterol (Ch) 

concentration was measured by targeted lipidomics in plasma membranes isolated from control (n=3), 5 

mM MCD (40 minutes, n=2) and 1 mM WSC (50 minutes, n=2) treated cells as described in the 

Methods. Data are mean ± s.e.m. values from indicated n samples. ** p<0.01 significantly different from 

control value according to a Student’s t-test. 
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Supplementary Figure 2 | Effect of MβCD and WSC on specific A2AR binding in C6 plasma 

membranes. Plasma membranes were isolated from control (n=3), 5 mM MCD (40 minutes, n=3) and 

1 mM WSC (50 minutes, n=2) treated cells. Specific [3H]ZM241385 binding (i.e. 40 nM) to A2AR was 

measured as detailed in the Methods. These results are mean ± s.e.m. values obtained from the indicated 

number samples (n) analyzed in triplicate. * p<0.05 and ** p<0.01 significantly different from control 

value according to a Student’s t-test. 
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Supplementary Figure 3 |  Effect of MβCD on specific A2AR binding in intact C6 glioma cells. Cells 

washing after MCD treatment was satisfactory as no differences were detected between values from 

control and fast (seconds) MCD adding and washing (t:0) conditions. Increased binding to A2AR was 

detected at 25 minutes (t:25) and 40 minutes (t:40) of treatment. These results are mean ± s.e.m. values 

obtained from n=3 (columns 1, 2 and 4) and n=4 (column 3) separate experiments carried out in triplicate. 

* p<0.05 and ** p<0.01 significantly different from control value according to a Student’s t-test. 
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Supplementary Figure 4 | Effect of MβCD or WSC treatment on C6 cells viability and protein level. 

Cell viability (a) and total protein amount (b) were measured in C6 intact cells at indicated time of 

treatment and compared to control cells values. These results are mean ± s.e.m. values obtained from 4 

independent assays carried out in sextuplicate (a) or duplicate (b). 
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Supplementary Figure 5 |  Effect of MβCD or WSC treatment on C6 cells growth. (a) Cells were 

counted from phase contrast images recorded (1 frame/minute) for 100 minutes at the indicated interval 

and relative to the number of cells at the beginning of treatment. These results are mean ± s.e.m. values 

obtained from 2 independent assays performed at different cell passage. (b) Cell morphology does not 

significantly change during MβCD treatment (Scale = 100 μm). 
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Supplementary Figure 6 | Cholesterol depletion from membranes monitored by filipin III staining. 
Phase contrast and filipin III fluorescence images of intact C6 glioma cells (100 μm scale bars plotted in 

the bottom right corner of each image) (a) and quantitation of filipin III fluorescence intensity (b) after 

treatment with 5 mM MCD during the indicated time. Since filipin III specifically binds cholesterol, 

quantitation of filipin III fluorescence intensity monitors here membrane cholesterol depletion. These 

results are mean ± s.e.m. values obtained from n=5 separate experiments carried out in different cell 

culture passages. * p<0.05, ** p<0.01 and *** p<0.001 significantly different from control value (t:0) 

according to a Student’s t-test. 
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Supplementary Figure 7 | Cholesterol replenishment to intact cell membranes monitored by filipin 

III staining. Phase contrast and filipin III fluorescence images (Scale = 250 μm) of intact C6 glioma cells 

(a), and quantitation of filipin III fluorescence intensity (b) after treatment with 1 mM water soluble 

cholesterol (WSC) during the indicated time. Since filipin III specifically binds cholesterol, an adequate 

incorporation of cholesterol into the membrane is followed by an increase in filipin III fluorescence 

intensity. These results are mean ± s.e.m. values obtained from 3 separate experiments carried out in 

different cell culture passages. ** p<0.01 significantly different from control value according to a 

Student’s t-test. 
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Supplementary Figure 8 |  Effect of MβCD or different endocytosis inhibitors on specific A2AR 

binding in intact C6 glioma cells. Cells were treated for the indicated time (minutes) with MCD or 

endocytosis inhibitors Pitstop 2 or Dynasore. Specific binding of 20 nM [3H]ZM241385 to A2ARs was 

determined as described in the Methods. These results are mean ± s.e.m. values obtained from n=4 

(columns 2, 3 and 5), n=5 (column 4) and n=6 (column 1) separate experiments carried out in duplicate. 

** p<0.01 significantly different from control value according to a one-way ANOVA test. 
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Supplementary Figure 9 | Average number of cholesterol- A2AR contacts. Average number of 

cholesterol molecules within a 2.9 Å distance of the A2AR in 4 separate replicates of 1 μs (x axis). 
 

 

 

 
 

Supplementary Figure 10 | Cholesterol density around the A2AR. Volumetric map of the average 

cholesterol density (yellow) around the A2AR (blue) for each 1 μs simulation (a, b, c, and d display 

replicates 1, 2, 3 and 4, respectively). Key surface contact areas (i.e. most populated) are highlighted in 

red-filled circles. Cholesterol inside the receptor is circled by a red-dashed line. The BENDIX66 plugin 

for VMD was used to depict protein helices. Protein loops were omitted for clarity. 
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Supplementary Figure 11 | Membrane thickness of complex and POPC membranes. Average 

membrane thickness (Å) (i.e. distance between phosphorous atoms) was computed using the 

MEMBPLUGIN67 of VMD. All trajectories analyzed in this manuscript (see Supplementary Table 2) 

were used to obtain average values. 
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Supplementary Figure 12 | Short simulation replicas of cholesterol entrance (ICL3 included). Short 

simulations of the A2AR (ICL3 included, as described in the methods and SI methods) and target 

cholesterol embedded into the original bilayer (see Supplementary Tables 2 and 3). As in Figs. 6, boxplots 

display the distance between the center of mass of cholesterol and residue E1.39 for a set of 40 replicate 

simulations of 100 ns. 4 different starting positions (a, b, c and d) re-spawned from the original 

cholesterol entrance trajectory were used to run each 10 replicates (i.e. 1-10, 11-20, 21-30, 31-40). The 

red horizontal line of each graph corresponds to the distance at the beginning of the simulation as 

measured from the snapshot used to re-spawn each set of 10 trajectories. Average distance for each set of 

replicates is reported in Supplementary Table 4. Inset figures show the initial structure of the A2AR (in 

blue) and cholesterol residue (in orange) used to start each set of simulations. E1.39 residue displayed as 

van der Waals spheres. The BENDIX66 plugin for VMD was used to depict protein helices. Protein loops 

were omitted for clarity. 
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Supplementary Figure 13 | Short simulation replicas of cholesterol entrance (POPC bilayer). Short 

simulations of the A2AR and target cholesterol embedded into a POPC bilayer. As in Fig 6, each boxplot 

display the distance between the center of mass of cholesterol and residue E1.39 for a set of 40 replicate 

simulations of 100 ns. 4 different starting positions (a, b, c and d) re-spawned from the original cholesterol 

entrance trajectory were used to run each 10 replicates (i.e. 1-10, 11-20, 21-30, 31-40). The red horizontal 

line of each graph corresponds to the distance at the beginning of the simulation as measured from the 

snapshot used to re-spawn each set of 10 trajectories. Average distance for each set of replicates is reported 

in Supplementary Table 4. Inset figures show the initial structure of the A2AR (in blue) and cholesterol 

residue (in orange) used to start each set of simulations. E1.39 residue displayed as van der Waals spheres. 

The BENDIX66 plugin for VMD was used to depict protein helices. Protein loops were omitted for clarity. 
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Supplementary Figure 14 | Location of cysteine residues in the A2AR and accessibility to chemical 

modification via MTSEA-B. Cysteine residues (liquorice representation) susceptible to biotinylation in 

the A2AR (grey cartoons) are shown in yellow transparent surface whereas non-reactive residues are 

shown in grey transparent surface. The antagonist ZM241385 is shown in red liquorice. The PDB:3EML 

structure was used to generate this figure.  
 

 

 
 

Supplementary Figure 15 | In silico model of MTSEA-B chemical modification of A2AR cysteine 

residues. (a-c) Chemical modification of the three cysteines (C3.30, C5.46, C6.56) in the binding pocket 

shows that the covalently bound biotin (green surface) competes with other orthosteric ligands such as 

ZMA (red stick representation) in the binding pocket. 
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Supplementary Figure 16 | Potential of mean force for the extraction of cholesterol. Cholesterol was 

extracted from the ligand binding site of the A2AR receptor to the extracellular water phase using umbrella 

sampling simulations. While the black curve is the average free energy difference, standard deviation 

values obtained from bootstrapping are shown as black error bars. The reaction coordinate (ξ) corresponds 

to the distance along the z axis between the centre of mass of the A2AR backbone and the oxygen atom of 

cholesterol. Maroon, blue and orange lines show reference mass density profiles (kg m-3, right y axis) of 

the whole membrane (all lipid molecules), membrane cholesterol bulk (cholesterol oxygen atoms), and 

cholesterol at the binding site (cholesterol oxygen atom, data taken from one unbiased simulation), 

respectively.  
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